The dispersion state of individual MWCNT in the polymer matrix influences the mechanical, thermal, and electrical properties of the resulting composite. One method of obtaining a good dispersion state of MWCNT in a polymer matrix is to functionalize the surface of MWCNT using various treatments to enhance the surface energy and increase the dispersibility of MWCNT. In this study, wettability and surface energy of UV/O 3 and acid-treated multiwall carbon nanotubes (MWCNTs) and its polymethyl methacrylate (PMMA) polymer nanocomposites were measured using contact angle analysis in various solvent media. Contact angle analysis was based on ethylene glycol-water-glycerol probe liquid set and data was further fitted into geometric mean (Fowkes), van OssChaudhury-Good (GvOC), and Chang-Qing-Chen (CQC) models to determine both nonpolar and acid base surface energy components. Analysis was conducted on MWCNT thin films subjected to different levels of UV/O 3 and acid treatments as well as their resulting MWCNT/PMMA nanocomposites. Contact angle analysis of thin films and nanocomposites revealed that the total surface energy of all samples was well fitted with each other. In addition, CQC model was able to determine the surface nature and polarity of MWCNT and its nanocomposites. Results indicated that the wettability changes in the thin film and its nanocomposites are due to the change in surface chemistry. Finally, electrical properties of nanocomposites were measured to investigate the effect of surface functionality (acid or basic) on the MWCNT surfaces.
Introduction
Numerous polymer composites' fabrication has been focused to improve the electrical and mechanical properties for various applications [1, 2] . Many types of polymer matrix such as polystyrene (PS), polyethylene (PE), polyvinyl acetate (PVAc), and poly(methyl methacrylate) (PMMA) have been used to synthesize the polymer composite until now. Among the polymers, PMMA is the most widely studied polymer as a matrix due to its low cost, high optical loss in the visible spectrum, stability, high scratch hardness, and low glass transition temperature [3] . Above all, PMMA is one of the polymers that are most resistant to sunshine exposure, as well as the presence of ozone. These properties of PMMA make it a suitable product intended for long open-air operation.
A large number of composite researches have been performed with PMMA matrix and inorganic materials such as carbon nanotubes (CNTs) [4, 5] , carbon black [6, 7] , and graphene [8, 9] . Amongst all, CNTs are regarded as promising candidate for electrical and mechanical reinforcement of polymers. Composites reinforced with CNTs exhibited unique physical, mechanical, and electrical properties derived from high specific surface area, high aspect ratio, and superior conductivity of CNTs [10] . The dispersibility of CNT 2 Journal of Nanomaterials in various solvents has been studied extensively in recent years. Researchers are mainly trying to achieve good dispersibility using surface treatment or functionalization using polar groups such as carbonyl (-C(O)-), carboxyl (-COOH), and hydroxyl (-OH), which assist in their solubility in polar solvents. Philip et al. [11] designed MWCNT/PMMA composite thin films to study the effect of polar groups in MWCNT for a variety of gas sensing systems. Abraham et al. [12] designed a compact wireless gas sensor using a MWCNT/PMMA thin film chemiresistor with surfacetreated MWCNTs to obtain better dispersion in the polymer matrix. Here, the dispersibility of MWCNT into polymer matrix always remains a challenge. For all of the abovementioned applications, effective dispersion, and interfacial bonding to polymers, surface functionalization of MWCNT is extremely necessary [13] [14] [15] . In this research we analysed surface energy through contact angle measurement which provided valuable chemical and physical aspects of CNT surfaces. In addition, the surface energy is an important parameter in understanding the wetting of a material in addition to adhesion and dispersion properties or compatibility with a solvent or polymer [16] . It can be measured by several established approaches [17] .
Contact angle measurement is a simple method to determine the surface energy which considers the behaviour between the liquid and solid under contact and the formation of droplets on a thin film. When a liquid drop beads up and produces a large contact angle, the surface energy is relatively low and adhesion is poor. The methods used to determine the surface energy components require measuring the contact angles of a variety of liquids with known polar and dispersion components of the total surface tension. Commonly, a successfully modified surface will exhibit a lower contact angle and higher surface energy [18] . The acidbase component of the surface energy is generally estimated using contact angle measurements followed by calculations using a range of statistical thermodynamic models. There are many techniques available to determine the surface energy from contact angle values. Amongst many, an established approach to examine surface energy of various materials was proposed by van Oss et al. [19] , here referred to as the van Oss-Chaudhury-Good (GvOC) model, in which specific acid and base parameters of the surface free energy of a substance are determined based on contact angle analysis. However, the conventional calculation for the GvOC model does not allow for the negative acid and base parameter which leads to misleading information about surface. Similarly, Chen and Chang [20] proposed a semiempirical acid-based approach, here referred to as the Chang-Qin-Chen (CQC) model, to overcome the present drawbacks of the GvOC model. The Chang model is more robust than the GvOC model as it can measure both attractive and repulsive characters of acid-base interactions. In this research, we synthesized the MWCNT thin film and the MWCNT/PMMA composite with functionalized MWCNT, treated by UV/O 3 and acid and calculated the surface energy using contact angle measurement, which was fitted from above various models. We further studied correlation between surface energy, dispersibility, and electrical properties in polymer matrix by measuring the sheet resistance of the pristine MWCNT, UV/O 3 MWCNT, and acid MWCNT/PMMA composite.
Experimental
2.1. Materials. The MWCNTs were synthesized by thermal chemical vapour deposition and supplied by Hanwa Nanotech Co. Ltd., Korea. The carbon purity and apparent density of the MWCNTs were about 95 wt% and 0.1 g/cm 3 , respectively. The specific surface area and aspect ratio were ∼225 m 2 /g and ∼10 5 , respectively. Poly(methyl methacrylate) (PMMA) with an average molecular weight of 120,000 g/mol was purchased from Sigma-Aldrich.
Fabrication of Pretreated MWCNTs and MWCNT/PMMA
Nanocomposites. Pretreatment of the MWCNTs was performed by UV/O 3 and acid treatment. The MWCNT treatment methods and fabrication of MWCNT/PMMA nanocomposites were presented in our previous study [21] . The MWCNTs were treated with UV/O 3 for 30, 60, and 120 min using a UV/O 3 generator (Model number 42, Jelight, Co.). High concentration acid treatment of the MWCNTs was performed using a mixture of sulphuric and nitric acids for 6, 12, and 24 hours. MWCNT/PMMA nanocomposites containing 3 wt% MWCNTs were synthesized by a typical solution casting process. Characteristics of these two types of MWCNTs, UV/O 3 -and acid-treated samples, were evaluated with various analysis tools.
Characterization

Contact Angle Measurement.
Advancing contact angles were measured on the pristine-treated MWCNT thin films and their resulting MWCNT/PMMA nanocomposites using a contact angle measurement system (KSV Instruments Ltd., Finland) attached to a CAM101 video camera. Before the test, a 3 mL plastic syringe was cut at the very end of the tip using a precision cutter to slow down the motion of the probe liquids. Water (W), glycerol (G), and ethylene glycol (EG) were employed as the probe liquids where their nonpolar and polar surface energy components were obtained from the literature. The contact angle measurement was performed by placing a droplet of a probe liquid at various spots on the film's surface and recording images at a speed of 220 frames/sec. The contact angles were measured on three different places of both the MWCNT films and MWCNT/PMMA nanocomposites.
Determination of the Surface Energy.
The surface free energy components were calculated from the contact angles measured using the water, ethylene glycol, and glycerol probe liquids according to the van Oss-Chaudhury-Good (vOCG) technique previously described in the literature [22] . The speciality of the vOCG method is that electron-acceptor ( + ) and electron-donor ( − ) surface energy parameters are used to describe acid-base interactions. The values of + and − for solids thin films and nanocomposites were determined using (1) applying multiple regression analysis where is Journal of Nanomaterials 3 the dispersion component of the surface energy of the solid once contact angle, , is measured and applied as cos . Surface energy values for probe liquids represented as (total), − (basic), and + (acidic) were taken from the literature:
The acid-base components, AB , and the total surface energy, Total , of solids were calculated using the following equations:
For simplicity, the surface energy values are denoted as Gamma T , Gamma D , and Gamma P throughout this paper.
Geometric Mean or Fowkes Approach.
Good-GirifalcoFowkes proposed [17, 23] that intermolecular forces resulted from both dispersive and polar interactions. Owens and Wendt [24] extended Fowkes' approach by grouping the nondispersive term into a polar contribution [25] . It is regarded as a breakthrough in understanding of wetting phenomena especially for nonpolar interactions between solid and liquid; it can be expressed as follows:
where
where and are the dispersion and polar components of the surface energy of liquid whereas and are the nonpolar and polar components of the surface energy of solid.
The van Oss-Chaudhury-Good (GvOC) Approach. van Oss and coworkers [26] proposed a generalized overview of the Fowkes geometric mean approach which explained that acid-base interaction was mainly based on two independent variables, namely, electron-acceptor ( + ) and electron-donor ( − ) surface energy parameters. van Oss et al. [26] modified (5) and inserted Lewis acid (+) and Lewis base (−) parameters instead of polar and dispersion surface energy components and thus the acid-base component of the work of adhesion across a solid-liquid interface could be expressed as follows:
Now a combined equation can be obtained following = + AB , where the values of , , and AB are incorporated from equations 5.4, 5.5, and 5.8:
Equation (7) 
Chen and Chang [20] proposed a semiempirical acid-base approach to understand the interfacial interaction in the CNT thin films, here referred to as Chang-Qin-Chen (CQC) model. In (9), unknowns such as (the Lifshitz-van der Waals components of the solid) and and (principal acid and base values) were determined by multiple regression analysis using a semi-interactive spreadsheet:
where the are the liquid components. From the calculated parameters of the solid, that is, and , the acid-base components, the magnitude of interaction is calculated by the multiplication of and which provides a value for the acid-base component of surface energy, AB , of the CNT thin film using
The surface is considered as acidic if both and are positive, basic when both are negative, and amphoteric if they are opposite in sign.
Results and Discussion
Raman Analysis.
Generally, Raman spectroscopy is a helpful technique determining the purity, diameter distribution, and architecture of CNTs. Here, we analysed the Raman spectrum to determine a content of defect site of the MWCNTs. The Raman spectrum of MWCNTs with different treatment (pristine, UV/O 3 , and acid) are shown in Figure 1 . As can be observed, three kinds of MWCNTs show two characteristic bands: the D-mode (1350 cm −1 ) and G-mode (1590 cm −1 ) vibration bands, which correspond to residual ill-organized graphite and tangential C-C stretching vibration [27] , respectively. For pristine MWCNTs, the Gband peak is relative stronger compared with those of MWCNTs treated by UV/O 3 and acid, due to low impurities level and structural defect. After UV/O 3 treatment, relative intensity ratio ( D / G ) increased from 0.85 to 0.91. In case of acid treatment, the high intensity ratio (1.41) is obtained for the introduction of functional groups such as carbonyl and carboxyl on MWCNT surface. We performed transmission electron microscopy (TEM, JEM-2100F, and JEOL) analysis to confirm whether the surface of the UV/O 3 and acid-treated MWCNTs sample is damaged. Figure 2 shows the typical TEM images of MWCNTs with pristine, UV/O 3 , and acid treatment. In these images, it was found that UV/O 3 treatment did not cause structural defect on MWCNTs compared with that of acid treatment (yellow circles are defect point), which caused decreasing of properties of MWCNTs. This trend is not surprising because the pristine MWCNTs were mainly agglomerated due to a higher surface energy and they started to separate from each other when the cohesive force was reduced due to the UV/O 3 treatment. Similarly, in acid-treated MWCNT thin films, the contact angle decreased, which was significant for 24 hours of treatment no matter what probe liquid was used, as shown in Figure 4 . Figure 5 shows the CA of three different polar solvents on pure PMMA and modified MWCNT-PMMA film. Higher CA was observed for all polar solvents for 30 to 120 min UV/O 3 -treated MWCNT/PMMA film samples. However, significantly, decrease in CA for 24-hour acidtreated MWCNT/PMMA sample was clearly observed as shown in Figure 6 . It was most likely due to the extended period of treatment which created defects on MWCNT ( Figure 2 ) and resulted in a better interaction between PMMA and MWCNT. (Table 1 ). The increase of the total surface energy with increasing treatment time was mainly due to increases of both dispersion and acid-base components. From the Gamma + (electron acceptor) and Gamma − (electron donor) values reported in Table 1 , it can be seen that the surface was predominantly basic and became more basic especially for the 60-minute UV/O 3 treatment. The reason for the predominant basicity is most likely due to the release of hydrogen atoms from some acid groups created on the MWCNT surface as a result of the UV/O 3 treatment. For the acid-treated MWCNT thin films, the total surface energy values were also increased after 6 hours of acid treatment, which is the same as that observed for the UV/O 3 -treated MWCNT thin films. The increase of the total surface energy values at 24 hours was mainly due to the increase of the dispersion energy component as there was no improvement of the polar component. However, the increase of the dispersion component was mainly due to very strong acid treatment which may have the potential to break the graphitic structure and leave nonpolar carbon open to the surface.
Contact Angle
The surface energy calculated from the Fowkes model for MWCNT-modified PMMA nanocomposites is presented in to the release of hydrogen atoms from some acid groups created on the MWCNT surface as a result of the UV/O 3 treatment. For the acid-treated MWCNT/PMMA thin films, the total surface energy values increased after 6 hours of acid treatment and with time of 12 hours and reached very high values for 24 hours of acid treatment. The increase of the total surface energy values at 24 hours was mainly due to the increase of the dispersion energy component as there was no improvement of the polar component. However, the increase of the dispersion component was mainly due to the very strong acid treatment which may have the potential effect on defect structure which was confirmed by TEM images in Figure 2 . Calculation of surface energy by using contact angle measurement and fitting to GvOC and CQC model for UV/O 3 -and acid-treated film and PMMA nanocomposites are presented in Tables 3, 4 , 5, and 6. Exactly the same surface energy increment trend as Fawker model was observed in both models. In addition, CQC model was able to determine the surface nature of MWCNT in thin film or in PMMA nanocomposites. It should be noted that MWCNT film treated by UV/O 3 showed amphoteric surface behaviour; however, acid-treated MWCNT film showed acidic surface characteristics as shown in Table 5 . All the PMMA nanocomposites fabricated by UV/O 3 and acid treatment showed amphoteric surface characteristic as shown in Table 6 . The results suggest that the wettability changes in thin film or nanocomposites of MWCNT by UV/O 3 or acid treatment due to the change in surface chemistry.
Electrical Properties of the MWCNT/PMMA Nanocomposites.
The electrical properties of the CNT-filled nanocomposites can be regarded as an indicator of the CNTs dispersion in the polymer composite. In our previous study [21] , we exquisitely reported the sheet resistance of MWCNT/PMMA nanocomposites containing MWCNTs subjected to various treatments. In the present work, we expanded the scope of the study by introducing sheet resistance data of MWCNTfilled nanocomposites as a function of the treatment time and correlated with the surface energy obtained by measuring contact angle on the CNT-PMMA nanocomposites. created functional groups, resulting in a lower resistance than that of the raw MWCNTs in the nanocomposite. Obtained sheet resistance data was compared with surface energy results obtained from various models and concluded that electrical conductivity increases as surface energy of MWCNT increases. On the other hand, in the acid-treated samples (Figure 8(b) ), the resistance of the nanocomposite increased with acid treatment time. The results also showed a correlation between surface energy of MWCNT and electrical conductivity. During acid treatment, surface energy of MWCNT was increased as shown in Table 5 and also electrical conductivity reduced (increases in resistance) as shown in Figure 8 (b). The decrease in electrical conductivity can be attributed to surface defects while using strong concentration [28, 29] . Damaged MWCNT as shown in Figure 2 can reduce or prevent the formation of a conductive pathway in the polymer matrix thus showing the higher resistance. The effect of functional groups available on the CNT surface may also be another reason for this behaviour. Generally, the introduction of functional groups such as oxygen on the CNT surfaces decreases the electrical properties of CNTs, implying that these functional groups disturb the electron flow of individual CNTs into the matrix. Both UV/O 3 -and acid-treated MWCNT-PMMA nanocomposites showed a good correlation between calculated surface energy from contact angle measurement and measured sheet resistance. The relationship between surface energy from contact angle measurement and electrical conductivity has not been reported yet.
Conclusions
The dispersibility of pristine and functionalized MWCNT was characterized using contact angle measurements and then fitted with various models for surface energy measurement. The surface energy measured from the contact angle values also elucidated the internal mechanism of dispersion and CNT surface functionality. We also demonstrated the successful functionalization of MWCNT by acid and UV/O 3 treatments. It can be concluded that both treatments resulted in better dispersion of the MWCNTs into the various liquid and PMMA nanocomposites. Moreover, it was found that the surface energy of the MWCNT/PMMA nanocomposite was directly related to conductive paths into the nanocomposite by utilizing a concept of the electrical properties including the oxygen content of the MWCNT surface. This work will be helpful in understanding and estimating the conditions suitable for dispersing MWCNT in a polymer matrix to yield nanocomposites with desirable properties and not using expensive XPS studies for clarification. Furthermore, it can be an investigative tool of MWCNT-filled nanocomposites used in electronics or microfluidic applications.
